Objectives/Hypothesis: The purpose of this study was to compare the clinical effectiveness of type I thyroplasty, injection laryngoplasty, and graft implantation for the treatment of vocal fold scar and pathologic sulcus vocalis.
INTRODUCTION
Vocal fold scar and pathologic sulcus vocalis are related but challenging clinical entities characterized by fibrotic changes to the vocal fold mucosa, 1 an often irrevocable loss of tissue viscoelasticity and vibratory potential, [2] [3] [4] profound dysphonia, 5, 6 and significant voice handicap. 7, 8 Both conditions involve physical disruption of the vocal fold edge contour (due to scar contraction and/or the anatomic sulcus), disordered lamina propria extracellular matrix, 1, 9, 10 and impaired glottal closure. 5 The presentation and severity of these features can vary significantly between patients, and a certain subset of patients present with concomitant scar and sulcus deformities. 7 Treatment of these disorders is considered difficult, and complete voice restoration is highly unusual. 11, 12 Current surgical approaches to the treatment of chronic vocal fold scar and pathologic sulcus focus on enhancing glottal closure/efficiency via medialization, and/or improving vocal fold vibratory potential by direct manipulation of the lamina propria. 13 The classic medialization approaches of type I thyroplasty and injection laryngoplasty are familiar to most surgeons and generally considered robust. [14] [15] [16] [17] [18] Approaches to treatment of the lamina propria are more challenging and include scar/sulcus excision, [19] [20] [21] undermining and release, 22, 23 mucosal slicing, 24 superficial implantation of autologous fat, fascia, or other scaffold materials, [25] [26] [27] [28] [29] [30] [31] [32] [33] [34] superficial injection of steroids or regenerative biomaterials, [35] [36] [37] and pulsed dye laser irradiation. 38 Each of these approaches, whether used individually or in combination, have demonstrated some degree of therapeutic benefit in retrospective case review and prospective, single-arm studies; however, there are currently no prospective, multi-arm comparisons of relative treatment efficacy for vocal fold scar or pathologic sulcus vocalis in the clinical literature. Such comparative studies are necessary to demonstrate relative treatment efficacy and provide data-driven guidance for clinical/ surgical decision making. The purpose of this study, therefore, was to compare the clinical effectiveness of three treatment modalities (type I thyroplasty, injection laryngoplasty, and graft implantation) using a prospective, nonrandomized, quasi-experimental research design. We elected to compare these specific treatments because they represent the three most cited approaches to vocal fold scar and pathologic sulcus vocalis management in the clinical literature, and because they attempt to address the two primary aspects of voice impairment associated with these conditions: glottal incompetence (type 1 thyroplasty, injection laryngoplasty) and lamina propria extracellular matrix disruption (graft implantation). 13, 23 We focused on direct comparison of these treatment modalities irrespective of the implant or injectate material delivered to the larynx, and followed patients for 18 months posttreatment.
MATERIALS AND METHODS

Patients
Twenty-eight patients with a clinical diagnosis of vocal fold scar and/or pathologic (types II or III) 23 sulcus vocalis were enrolled in this study (Table I ). All patients were enrolled during an initial diagnostic visit and had not undergone any form of intervention (surgical or behavioral) at the time of enrollment. The diagnosis and classification of sulcus vocalis were made by a laryngologist following videostroboscopic examination of the larynx performed by a speech-language pathologist, and confirmed or revised by the laryngologist during subsequent direct microlaryngoscopy. Vocal fold scar was diagnosed using the same procedures. For the purposes of this study, vocal fold scar concomitant with sulcus vocalis was defined as any degree of reduced tissue pliability and apparent fibrosis in a region distinct from the sulcus.
Interventions
Patients were assigned to one of three treatment modalities: Type I thyroplasty (n ¼ 9), injection laryngoplasty (n ¼ 9), and graft implantation (n ¼ 10). Treatment assignment was not randomized but rather determined by the laryngologist based on clinical judgment of the pathology and major factors causing the dysphonia. Generally, injection laryngoplasty was used for relatively small volumetric deficiencies with limited scar contracture. Type I thyroplasty was used for larger deficiencies where preoperative manual compression of the thyroid alae yielded a perceptible improvement in voice quality, and graft implantation was reserved for large deficiencies associated with extensive scarring and/or deep sulci. Neither the laryngologist nor the patient was blinded to the treatment condition. The implant or injectate material administered to each patient was determined by the laryngologist and, with the exception of expanded polytetrafluoroethylene (ePTFE; GoreTex V R , Gore Medical, Flagstaff, AZ) thyroplasty, varied across patients within each treatment group (Table I) . Patients with unilateral pathology received unilateral treatment; patients with bilateral pathology received bilateral treatments. All surgical interventions were administered by one of two laryngologists. Postoperative voice rest was 24 to 48 hours in all cases. All patients received routine perioperative behavioral voice therapy (1-3 sessions) consisting of vocal hygiene education, resonant voice and accent method instruction, and (in cases of presumed compensatory hyperfunction) extrinsic laryngeal muscle reposturing. In each case, all voice therapy was administered by a single speech-language pathologist.
Type I Thyroplasty Type I thyroplasty was performed as described by Isshiki et al. 39 with additional modifications according to McCulloch et al. 40 After confirmation of bilateral vocal fold mobility (prior to local or intravenous anesthesia), the soft tissues of the neck were infused at the level of the inferior border of the thyroid cartilage, where a 4-to 5-cm incision was made. Subplatysmal flaps were raised, and the strap muscles were split in the midline to expose the larynx. The sternohyoid and thyrohyoid muscles were separated, and an inferiorly based perichondrial flap was elevated. Next, a standard thyroid cartilage window was created, with its superior limit no higher than the midpoint between the thyroid notch and the inferior border of the thyroid cartilage at the midline. The anterior limit was no closer than 6 mm from the midline, the inferior limit was no closer than 3 mm from the inferior border, and the posterior limit was generally no farther than 10 mm from the anterior margin of the window. The cartilage window was incised with an oscillating saw, removed, and retained for later replacement. The strut of thyroid cartilage immediately inferior to the window was liberated from its surrounding soft tissues to allow wrapping and/or suturing of the implant to that region to prevent migration. The ePTFE implant was then inserted through the thyroid cartilage window with a bias toward placement at and below the level of the true vocal fold. Implant placement was fine-tuned via auditory-perceptual judgment of voice quality produced by the awake patient and visual-perceptual judgment of medialization obtained using simultaneous transnasal flexible endoscopy of the larynx. In cases of bilateral thyroplasty, implant placement was performed after the creation of both thyroid cartilage windows. Once satisfactory medialization was achieved, the cartilage window and perichondrial flaps were replaced and the wound closed in layers over a passive drain.
Injection Laryngoplasty All injection laryngoplasty procedures were performed in the clinic setting using a transoral approach and topical and/or local anesthesia. With the patient seated upright and leaning forward, the posterior oral cavity and oropharynx were lightly anesthetized using atomized 4% Acellular dermal matrix --
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topical lidocaine. Next, three doses of 0.5 to 1.0 mL 4% topical lidocaine were delivered to the supraglottis and glottis using an Abraham cannula while the patient produced a sustained [i] vowel, with simultaneous visualization using a 70 rigid endoscope attached to a light source and video monitoring system (RLS9100B; Kay Elemetrics, Lincoln Park, NJ). Vocal fold injections were performed using a curved orolaryngeal injector needle (Medtronic/Xomed, Minneapolis, MN) for the delivery of butanediol diglycidyl ether crosslinked hyaluronic acid (BDDE crosslinked HA; Restylane V R , Medicis Aesthetics, Scottsdale, AZ; n ¼ 2) and micronized acellular dermal matrix (Cymetra V R , LifeCell, Branchburg, NJ; n ¼ 5), and the manufacturer's proprietary needle (bent to accommodate the transoral approach) for the delivery of calcium hydroxyapatite (Radiesse V R Voice, BioForm, San Mateo, CA; n ¼ 2). Each injection targeted the paraglottic space musculature at the junction of the posterior and middle thirds of the vocal fold, to avoid the possibility of either arytenoid rotation or anterior vocal fold overcorrection. The injectate material (0.2-0.8 mL per vocal fold) was delivered to both the infraglottic and glottic regions, and the procedure was terminated when mild overcorrection was achieved at the level of the glottis.
Graft Implantation Under adequate anesthesia, a Zeitels glottiscope (Endocraft, Boston, MA) was introduced to lateralize the false vocal folds to expose the true vocal fold superior surface. All subsequent vocal fold dissection and implantation procedures were performed using an operating microscope. A linear incision was placed laterally with a sharp sickle knife and extended parallel to the vocal fold edge, extending just beyond the length of the scar/sulcus deformity. This incision afforded the development of a lateral flap, identification of the vocal ligament, and placement of a securing suture away from the vocal fold medial edge. A sharp dissection technique was used to maintain flap integrity. The flap was developed by extending the dissection 2 to 3 mm inferior to the plane of the scar/sulcus. In each case, the intention was to create a sufficiently large pocket to allow straightforward placement of the graft followed by closure of the mucosal incision with minimal tension. Temporalis fascia, harvested from the retroauricular area (n ¼ 3), and acellular dermal matrix (AlloDerm V R , LifeCell, Branchburg, NJ; n ¼ 7) graft materials were used. The implantion procedure was identical for both materials. The graft material was trimmed to fit inside the pocket without tension, and a single 6-0 catgut suture was employed to coapt the free edges of the flap.
Vocal Function Measures
Psychosocial, auditory-perceptual, acoustic, aerodynamic, and videostroboscopic data were collected less than 1 month prior to treatment and 1, 6, 12, and 18 months posttreatment. A single speech-language pathologist with doctoral-level training and 10 years of experience evaluating patients with voice disorders conducted all data collection sessions.
Psychosocial analysis The voice handicap index (VHI) was presented in the format described by Jacobson et al. 41 The VHI total score was calculated and then recalculated to eliminate tallying errors. The VHI emotional, physical, and functional subscales were not employed.
Auditory-Perceptual Analysis Patients were instructed to produce a 3-to 4-second sustained [a] vowel token and the standard phrase ''the blue spot is on the key again'' at comfortable pitch and loudness levels. Voice samples were recorded using a unidirectional cardioid microphone (SM58; Shure, Niles, IL) placed 10 cm from the lips at a 45 angle, connected to a preamplifier (Bluetube DP; PreSonus, Baton Rouge, LA) and digital audio tape (DAT) recorder (Fostex D-5; Foster Electric, Schaumberg, IL). Digitization was performed using a 44.1 kHz sampling rate and 16-bit quantization.
A digital copy of each sample was transferred from DAT to desktop computer, sample order was randomized, and sample identity was masked prior to analysis. Auditory-perceptual ratings were performed in a quiet room and samples (sustained vowels and connected speech) were presented at approximately 70 dB sound pressure level (SPL) using headphones (HD 238; Sennheiser, Old Lyme, CT). Ratings were performed using the using the Grade component of the GRBAS scale 42 by a doctorallevel speech-language pathologist with seven years of experience evaluating patients with voice disorders. A second speechlanguage pathologist with 10 years of comparable experience performed reliability ratings on 10% of samples. Inter-rater agreement (Spearman's q) was 0.81.
Acoustic Analysis Pitch range was elicited using the recording setup reported above. Patients were instructed to produce both ascending and descending pitch glides beginning at a comfortable pitch. Each task was repeated until the speech-language pathologist was satisfied maximum performance was achieved. Maximum and minimum F 0 were measured using CSpeech 4.0 (Paul Milenkovic, Madison, WI). Maximum F 0 was defined as including falsetto register; minimum F 0 was defined as excluding pulse register. F 0 range was calculated and then converted to pitch range in semitones (ST).
Acoustic perturbation values (percent jitter, percent shimmer, signal-to-noise ratio [SNR]) were extracted from a 1-second steady-state portion of the same sustained [a] vowel used for auditory-perceptual analysis. Analyses were performed using CSpeech 4.0. The correlation dimension (D 2 ) acoustic parameter was also measured, based on recent work demonstrating the value of nonlinear dynamic analysis in the characterization of severely aperiodic voice signals.
43-46 D 2 was measured using a previously reported algorithm. 47, 48 Aerodynamic Analysis Phonation threshold pressure (P th ) data were collected using a custom-built aerodynamic measurement system. A 3-mm-bore pressure tube was placed inside the mouth perpendicular to the airstream (slightly past the front incisors), passed through a pneumotachograph mask, and attached to a narrow-band pressure transducer. A second (wideband) pressure transducer was used to measure flow output from the mask. A microphone was positioned adjacent to the mask to record the acoustic voice signal.
Patients were trained to produce a series of repeated [pi] syllables on a single breath, starting at a whisper and gradually increasing subglottal pressure (P s ) until phonation was initiated. Once the speech-language pathologist was satisfied with patient training, the pneumotachograph mask was set in place and the [pi] syllable train task was performed five times. All productions occurred at a comfortable pitch level and were paced at approximately 1.5 syllables per second.
Pressure and flow calibration were performed before each data collection session. Signals were digitized at 8.33 Hz and 12-bit quantization using a desktop computer and CSpeech 4.0. Pressure peaks were investigated for suitable waveform morphology, and extremely sharp, shallow, or irregular-shaped peaks were eliminated from the analysis. The pressure peak in each train that corresponded with the initiation of phonation (as observed on the acoustic channel) was used for the analysis. Mean P th was calculated by averaging the maximum pressure at this peak across the five trains.
Videostroboscopic Analysis Laryngeal imaging was performed using a Kay Elemetrics RLS 9100B system attached to a 70 rigid endoscope. Laryngeal maneuvers were observed using both halogen and stroboscopic light. Phonation was elicited at low, comfortable, and high pitches and with gradual increases in loudness. The larynx was also observed at rest, during deep inspiration, and during inhalation phonation.
Videostroboscopic ratings were performed independently by the same two speech-language pathologists who performed the auditory-perceptual ratings. Patient identity and pre-or posttreatment time point were masked in all samples. Presentation order was randomized. To validate comparison across measurement points, all ratings were confined to phonation segments produced at comfortable pitch and loudness levels.
Ratings focused on vocal fold vibratory amplitude and mucosal wave excursion were performed using the SERF instrument. 49 These indices were selected because they are direct physiologic correlates of mucosal pliability and can be expressed quantitatively as a percentage of vocal fold width in the medial-lateral plane. Percentage excursion for each parameter was rated using a scale resolution of 10% of total vocal fold medial-lateral width. Values were then averaged across left and right vocal folds. Inter-rater agreement (Spearman's q) was 0.85.
Statistical Analysis
Pretreatment baseline value, mean posttreatment value across an 18-month period, best posttreatment value within this 18-month period, number of vocal function indices showing posttreatment improvement/deterioration/no change, and duration to best posttreatment value were calculated for all indices to facilitate visual and statistical comparisons. Individual patient data were analyzed using graphing and visual inspection, and group data were analyzed using one-way ANOVAs with treatment modality as a fixed effect. An a-level of .05 was employed for all statistical testing; all P values were two-sided.
RESULTS
We observed a wide variation in treatment response across individual patients and treatment groups. Certain patients exhibited general deterioration reflected by the majority of vocal function indices (for a representative case, see Fig. 1A ), whereas others experienced robust improvement across indices (for a representative case, see Fig. 1B ). Eleven patients (three thyroplasty, five injection, three graft) demonstrated improvement in at least five of 10 indices; two patients (one injection, one graft) demonstrated deterioration in at least five of 10 indices; 21 patients (seven thyroplasty, 11 injection, three graft) demonstrated no change in at least five of 10 indices (Fig. 2) . Overall positive or negative outcome did not appear to correspond to pathologic sulcus subtype, the presence of sulcus with or without concomitant scar, or the presence of unilateral versus bilateral pathology (Fig. 2) .
Analysis of group data revealed statistically significant improvement in mean and best posttreatment VHI total scores for the thyroplasty group, and best posttreatment VHI total score for the graft group (Fig. 3) . All other vocal fold function indices demonstrated nonsignificant posttreatment changes. Mucosal wave excursion and vibratory amplitude exhibited the greatest variance across patients.
Analysis of duration to best posttreatment value revealed clear differences between treatment modalities. Patients in the graft group exhibited the slowest trajectory of improvement across all vocal function indices: 100% of these patients obtained maximum improvement in eight of 10 indices at 18 months posttreatment (Fig. 4) ; the exceptional indices were pitch range and D 2 , which reached the 100% plateau at 12 months posttreatment. In contrast, 100% of patients in the injection group obtained maximum improvement in the majority of indices (eight of 10) by six months posttreatment, and 100% of patients in the thyroplasty group obtained maximum improvement in the majority of indices (seven of 10) by 12 months posttreatment. P th demonstrated the most rapid course to stability of any outcome measure in any group, exhibiting maximum improvement in 100% of thyroplasty patients at 1 month posttreatment.
DISCUSSION
The purpose of this study was to compare the clinical effectiveness of type I thyroplasty, injection laryngoplasty, and graft implantation for the treatment of vocal fold scar and pathologic sulcus vocalis, using a prospective, quasi-experimental research design. To our knowledge, this study represents the first multi-arm treatment comparison for these disorders in the clinical literature. No single treatment modality demonstrated clear superiority across the majority of vocal function indices used. Type I thyroplasty and graft implantation both resulted in improved VHI with no concomitant improvement in auditory-perceptual, acoustic, aerodynamic, or vocal fold physiologic performance. Injection laryngoplasty resulted in no improvement on any vocal function index. Patients who underwent graft implantation exhibited the slowest trajectory of improvement across the 18-month follow-up period.
Type I thyroplasty resulted in improved mean and best posttreatment VHI total scores, whereas graft implementation resulted in improved best posttreatment score only. This discrepancy was most likely due to the relatively slow trajectory of improvement in the graft group, leading to significantly improved VHI scores at a smaller number of (later occurring) postoperative time points and a relatively smaller magnitude change in mean outcome. Given that VHI outcome at 18 months posttreatment was equivalent, but recovery trajectory was slower, our data do not support graft implantation over type I thyroplasty as a primary treatment modality for patients with vocal fold scar/sulcus. A prolonged and gradual recovery period is well documented following graft implantation to the lamina propria; 25, 29, 30 ,32 as such, it is possible that a number of patients in the graft group experienced meaningful improvement beyond 18 months posttreatment. If so, there may be therapeutic value with this approach that was not captured in our dataset.
Discordance between the VHI and other vocal fold function measures, as seen in our dataset, has been reported in a number of studies. Cheng and Woo 50 identified significant improvement in VHI total score after surgical removal of benign vocal fold lesions in 21 patients but no change in 12 of 13 acoustic and aerodynamic parameters. The majority of these instrumental parameters did not correlate with the VHI. Lau et al. 51 Fig . 3 . Group analysis of outcomes following type I thyroplasty (n ¼ 9), injection laryngoplasty (n ¼ 9), and graft implantation (n ¼ 10) treatments for vocal fold scarring and pathologic sulcus vocalis. Vocal function data are graphed as pretreatment baseline value, mean posttreatment value across an 18-month period, and best posttreatment value at any time point within this 18-month period. D 2 ¼ correlation dimension; P th ¼ phonation threshold pressure; SNR ¼ signal-to-noise ratio; ST ¼ semitone; VHI-T ¼ voice handicap index total score. compared VHI total score and various videostroboscopic parameters in 28 patients before and after injection laryngoplasty for unilateral vocal fold paralysis. VHI total score exhibited a moderately strong correlation with closed phase duration and weak correlations with all other parameters. These findings align with the majority of descriptive (nontreatment) studies that have reported weak to moderately strong correlations between the VHI and commonly used acoustic and aerodynamic measures. [52] [53] [54] [55] It is intuitive that individuals with dysphonia have varying personalities, personal circumstances, social and occupational demands, and consequently perceive different degrees of voice-related handicap. Because of this, it has been suggested there is a nonlinear relationship between voice impairment, disability, and handicap. 54 Overall, the VHI captures a unique aspect of voice-related psychosocial function that is independent of (and complementary to) acoustic, aerodynamic, and physiologic voice function. In one sense, improved voice handicap represents one of the most meaningful aspects of treatment-induced change.
Our study design and implementation hold several limitations. First, we did not randomize patients to the three treatment groups. This allowed the laryngologist to assign patients to the presumed most-appropriate treatment based on presentation, therefore reflecting standard clinical practice; nevertheless, our findings do not carry the weight of a randomized clinical trial. Second, we did not control for implant or injectate material but rather focused exclusively on treatment modality. This may represent a source of intratreatment variability in the dataset. Third, we administered routine perioperative voice therapy to all patients, which again reflects standard of care but also may have influenced treatment outcome. Fourth, our recruitment success and associated sample size were limited by the decision to exclude patients who had undergone prior surgical or behavioral intervention. Due to our sample size, we were unable to delineate and categorize patient subgroups based on potentially important variables such as scar/ sulcus location, unilateral versus bilateral pathology, pathologic sulcus subtype, and the presence of aggravating factors and other comorbidities. This degree of patient hetereogeneity, inherent to almost any clinical scar/sulcus study, represents another source of variability. Future research efforts in this area may benefit from multi-institutional recruitment, in addition to patient randomization and (although controversial) consideration of a placebo control (i.e., sham surgery) condition. Additional experimental precautions, such as single-or double-blinding of treatment group assignment, are difficult to implement, as in-office injection laryngoplasty does not require general anesthesia, and patients/ researchers can easily identify the incision sites used for thyroplasty window creation and autologous fat/fascia harvest.
We focused on three singular treatment modalities in this study, primarily due to their prominence and reported value in the clinical literature. Consequently, it is unknown how type I thyroplasty, injection laryngoplasty, and graft implantation outcomes compare to other proposed approaches such as mucosal slicing, 24 pulsed dye laser irradiation, 38 steroid injection, 35 and superficial injection/implantation of hyaluronic acidbased biomaterials 36, 37 or autologous fat. 27, 28, 33, 34 Further, we did not include combinative treatments, such as CO 2 laser excision followed by collagen injection, 19, 20 fascia implantation followed by fat injection, 32 or gelatin sponge implantation followed by fat injection; 26 each of which holds the conceptual appeal of simultaneously or sequentially tackling glottal incompetence and lamina propria issues, with possibly compounded benefit. Finally, a number of emerging therapies involving growth factors, [56] [57] [58] [59] [60] phytochemical and pharmacologic agents, 61, 62 tunable biomaterials, [63] [64] [65] [66] [67] [68] [69] [70] and various cell types [71] [72] [73] [74] [75] [76] [77] [78] [79] await future clinical translation. Appropriate evaluation of these treatment strategies requires careful investigation in appropriately powered clinical trials. 
CONCLUSIONS
Our data suggest that type I thyroplasty and graft implantation lead to reduced voice handicap in patients with vocal fold scar and pathologic sulcus vocalis; however, the improvement trajectory for patients undergoing graft implementation is relatively slow. Although select patients exhibit benefit, none of the treatment approaches evaluated in this study reliably improve auditory-perceptual, acoustic, aerodynamic, or vocal fold physiologic function. A persistent challenge in this area is that no single treatment modality is successful for the majority of patients, and there is no evidence-based decision algorithm for matching a given treatment to a given patient. Progress therefore requires the identification and categorization of predictive clinical features that can drive evidence-based treatment assignment. In the meantime, the clinician must rely on careful assessment of the pathology so that the most critical aspects are addressed during initial treatment. Where there is extensive tissue loss and glottal incompetence, tissue replacement and medialization seem appropriate first steps. Additional gains may be seen as emerging therapies are translated to clinical practice.
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